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ABSTRACT

Preshock veloclty of sound waves In alr were measured at clevations of 11, 3,
6 f{eet above grade level at 1,000- and 2,000-footl ranges during Shot 12 over desert soll,
water, asphalt, concrete, {Ir boughs, and vy

Twenty -three of the original twenty -four channels recorded veloeity from less than
20 msvece after detonation to shock -wave arrival.  The sound veloctittes at clevations
from l': 1o 6 feet above grade level were very slmllar and averaged around o pereent

above amblent In most cases  Velooliles measured over asphalt, waler, desert !

and concrete were very slllar In amplitude o Maximum velocltles oceurring Just before

shock arrival were elmllar at the 1,000- god? -{ool rang Al und velocitle
were measured over (i boughs and vy dVelocities measured above the B boughs wer
the bighest recorded, reaching 18 percent above amblent at the 1, -foot clevation Ve
locttles over the vy plot were simllar to those ove= the (Ir boughs, however. the mediun

over the fvy appeared to be more turbulent, and corsequently some dita were unreadable
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FOREWORD

This report presents the final results of one of the $6 projects coprising the Military
Effects Program of Opeiation Teapot, whicl, included 14 test detonations at the Nevada
Test Site in 1955
For overall Teapot military-cflects Information, the reader (¢ coforred (o the
Summary Report of the Technical Director, Militasy Effects Prograis, '’ WT-1153,
which Includes the following: (1) a & scription of each detonation including yield, zero-
point location and environment, type of device, ambient atmospheric conditions. etc.,
12) a discussion of project results, (3) a summary of the objectives and results of each
project, (4) a listing of project reports for the Military Effects Program

PREFACE

The author hereby thanks Maj H. T. Bingham, Direc..r, Program 1, CDR W. M.
McLellon, Director, Program 3, Lt Col J.J.Haley, Chief, Requirements Branch; and
his assistant, LCDR A.P. Minwegen for the wholehearted cooperation they rendered to
Project 1.5 at all times
Speclal pralses are due G. Q. Pickens, L. C. Thompson and R. H. Wells, Navy
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SECRET

Chopter |
OBJECTIVES
The bjective was to determine preshock alr sous lucttien at elevatlons up
el above the | Pin the reglon where the precursor wave exdsted. U was felt
that nformat would luable In explaining the genceration of the precursor.
shot 12 wa K v detounate a tower atl 400-fout clovation and, cuasequently,
filled th 1 generating shot (Refereace 4).
Mu vl { presbwcek als nd velocity woere made over three different blast
1 gulai cnehi b lesert blast line, (2) an asphalt-covered blast line,
w2 wered blast lne  Veloelly meters were sltuated at the 1,000~ and
l range the {irst two {ines and only at the 1.000-{oot range on the third
see Plgure |
casurcients of preshock at ind veloctty were made over three special
face plots sltuated in the vicinity of the 2,000-fool station on the desert line. One
lot w r ped of conerete, a second of white fir boughs and a third of broad leaf
Ve vy The dimensions of all plots were 20 by 30 {eet with the shorter dimension
vd along the b Ine
1.1 DESERT SOLLL St ACE
n previous tests (References and 3) data were gathwered on alr sound veloc-
Ues and a peratures from 11 to 54 feet above desert soll.  In gencral, there were
cpligible k alr-temperature and or sonic-velocity changes above the 10-{oot

‘ ver Nevada soll. Below the 10-foot Jevel, the velocitles and temperatures were
known to be above ambient, but no gradient hiad been established.  Also, only meager
At of this type had ever been taken in the zone of Interest on previous precursor -
generating shots

1.2 ASPHALT SURFACE

Asphalt conventent ground cover which tends to absorb most of the thermal ra-
diatlon incldent upon {1t tends to emit smoke and also to impart its heat energy to the
ir by conduction and convection.  The preshock alr sound velocities over this surface
are of Interest in explalning blast-wave performances over dust-free, thermal-absorbing

surfaces

1.3 WATER SURFACE

Water §s probably the cheapest and most feastble highly reflecting surface avallable
It wis expected that the atr above the water surface would not change in temperature,
since the surface itsedf would not absorb thermal radiation and. hence, could not trans-
fer its heat to the air by conduction or convection.
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1.4 SPECIAL SBURFACES

In Upshot-Knothole Shot 9, air sound velocities were messured over three different
plots of white fir boughs. Plo¢ d!mensions were 40 by 28 foet

wore two to three times ambient
A similar plot of white fir boughs was set up at 2,000-foot range on the desert line
in Teapot Shot 12. Also, a plot of broad leaf cover or {vy and a plot of ordinary concrete

Deser!

O Maters
D Meters
A Meters
Y Meters

(@)
s 8 g
) ~N —
+ + +
(o) 0
Surtoce
o)
v

over indicoted surfoce
aover concrete s'ob
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ond 611,
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L9001

T
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Q
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Woter SurfocCe

Aspholt Surfoce

1
1

f

3000 11,

Figure 1.1 Blast line layout showing positions of Project 1.5 (NEL) sound
velocity meters.

were 8ituated at the same location.

Dimensions of these plots were 30 by 20 feet.

Thermal effects on these special surfaces are apt to be quite different from those

occurring on the ordinary desert terrain.

Consequently, for a relatively small cost,

comparisons of preshock alr sound velocities over different plots can be made. This
{n turn might indicate variations {n blast-wave performance over the various surfaces.
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Chapter ¢
RESULTS

The graphs of Figures 2.1 through 2.10 deplict the recorded values of the velocity of sound
in air from zero time (time of detonation) to the arrival of the shock wave for 23 of the
original 24 channels. The l',?,-{ool elovation moter at the 1,000-foot range on the water
line falled at detonatfon.

The points that agpear on the curves are the actual values taken directly from the
raw data—no averaging of any sort has been done. Discrepancies botween these curves
and those in the preliminary Project 1.5 report (ITR~1104), resulted, since for this
report travel times across the alr path have beon read with the greater accuracy of the
3.200-cpe carrier instead of the 100-cpe modulating signal

In order to roughly compare alr-sound-velocity change with alr-temperature change,
the conversion 2 ft/a/°C may be used with the mental reservation that it applics strictly
to clean air whose chemical composition does not change.

2.1 DESERT SAND, ASPHALT, AND WATER,
1,000- FOOT GRGUND RANGE

Figure 2.1 depicts the change In the air sound velocity from detonation to shock
arrival at elevations of 1%, , 3 and 6 feet above sand. asphalt, and water surfaces at a
ground range of 1,000 feet. These curves Indicate a velocity increase rate of approxi-
mately 1 ft/sec/msec Irrespective of elevation. The magnitude of the velocity change
also seems to be independent of the surface. The fact that the sound velocity over the
water {8 higher than over the other surfaces i{s not considered significant. This veloc-
ity differential represcnts approximately 0.2 msec out of 5.0 msec total signal travel
time from one diaphragm to the other, o feet away. It is possible that the greater re-
flectance of the water surface caused the microphone horns In the instruments on the
water line to receive more radlation than those on the other lines. A emall high-
temperature region close to the transducer horns could easily account for the i{ndicated
change {n transit time.

The same curves shown in Figure 2.1 are plotted individually In Figures 2.2 through
2.4, these Include the shock-arrival Instants In each case.

2.2 DESERT SAND, ASPHALT, AND CONCRETE,
2,000- FOOT GROUND RANGE

In Figure 2.5 preshock alr sound velocities over desert sofl, asphalt, and concrete
surfaces at 2,000-foot ground range are plotted versus time. The first veloclty in-
creases occur about 70 msec after detonation at this range compared with 40 to 50 msec
at the 1,000-foot ground range. After this the rate of Increase at the three elevations
at 2,000-foot range is approximately 0.8 ft/sec/msec. After 250 msec there s little
velocity Increase at any elevation or cver any of the three surfaces. At neither the
1,000-foot nor the 2,000-foot range do the velocity magnitudes reach 1,300 ft/sec at uny
elevation or over any surface so far considered.

11
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In Figures 2.6 through 2.8 the same curves depicted in Figure 2.5 are presented
along with the respective shock-arrival times
23 FIR BOUGHS AND WY
Preshock ai in 1ie ver a surface of white {ir boughs and an vy s.rface
are depicted ! vations of 17, ind 6 feet in Figures 2.9 and 2.10, respectively
L]
y
-
& N
v
€ _~ SERT SURFACE
e o ASPHALT SURFACE
WAYER SURFACE
4 ' ® 4 4 8 90
a«
»
. /-~/
o i s
S : o __—F ——— DESERT SURFACE
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2 20 4 6 8 2 4 16 8
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S
L}
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v 1150} »
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oFa 20 a0 60 80 100 20 140 160 180
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)

Figure 2.1 Preshock air sound velocity versus time, 1000-foot range, over
desert, asphalt and water surfaces.
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Judging from the distortion of the recorded signals (Appendix F), extreme turbulence
existed over the ivy plot, much more, In fact, than over any other surface. The velocity
recorded over the white fir boughs at 1'4-foot elevation was the highest recorded on any
channel — it exceeded 1,300 ft/sec. This does not Imply, however, that an equally high
velocity did not occur over the vy plot where the medium was so turbulent that the

recor und wave was too distorted for any velocity determination to be made
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Figure 2.2 Preshock air sound velocity versus time, 1000-foot range, over
desert surface.
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Chopter 3
INSTRUMENTATION AND REMARKS'

The data taken by Project 1.5 during Shot {2 were conslstent In themselves, but were not
vonsistent with temperature data taken over the same surfaces by Project 8.4¢. Also,
nefther project’s data were compatible with current blast-wave theory as applicd to the
pressure data tuken by other projects {References 5, 6, and 8).

The preshock sound velocities measured by Project 1.5 wero about half as large as
those predicted from peak pressure, shock arrival, and precursur angle photographic
data. It therefore seems appropriate to examine the 1.5 {nstruments and determine {f the
records obtalned were reasonably correct, or If perhaps there were some basic defl-
clencles In the Instruments and the results obtalned therefore not a true representation
of the physical picture

On this basis. an attempt will be made In this chapter to answer the questions asked
about these Instruments by many Interested partles since the contradictory data were
first reported In the preliminary report.  In addition, the results of several supplementary
tests of the Instruments will be dircussed.

3.1 BASIC SOUND VELOCITY METER

The basic sound velocity meter used on Teapot was the same type as that previously
used by Navy Electronics Laboratory (NEL) In measuremenis made at Tumbler and
Upshot-Knothole, It conslsted of two transducers, one used as a loudaspeaker, the other
as a microphone. The distance between the transducer diaphragms was fIxed at 6 feet.
The acoustic signal which traveled between these transducers was a 3,200-cps carrier,
amplitude -modulated by a 100-cps sinusold (see Figure 3.1)

The signal from the microphone terminals was compared In time delay with the
signal entering the terminals of the loudspeaker. The difference, when the correct
phase adjustments were made, was the time of travel between the dlaphragms. The
quotieat of the Interdiaphragm distance and the Interdiaphragm travel time was the
velocity of sound In the wedium between dlaphragms, assuming a stralght-line acoustic
path between dlaphragms. The aforementioned phase adjustments were made because
the carrler had to pass through Indugtive, capacitive, and resistive elements and thelr
equivalents In the varlous electronic clrcuits. These caused a phase shift of the car-
rier (the phase shift in the modulating signal was '/" of this). Although the shift was
very small, It was nevertheless corrected by use of a phase-shifting network.

The ‘ransducers were Model 802-C Altec-Lansing high-frequency driver units
capable of operating both as loudspeakers and as microphones over the range from
110 10 kc. Adequate directionality was obtalned by coupling both transducers to the
alr medium by means of conical horns. These horns had 1-inch throats, a total flare
angle of 2 arctan 2/, and mouths 9 Inches In dlameter; these were adequate to prevent
acoustic crosstalk between adjacent fleld channels.

! Further detalls of Insi-umentation are included in Appendix A.
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Admittedly, part of the measured medium was Inside the horns and transducers;
however, this amount was small In comparison with the total path length, and the error
introduced was small (less than 2 percent for the velocities measured).

3.2 CHANGES IN INSTRUMENTATION

To eliminate a bothersome transient condition which occurred for as much as Y
second after detonation on the close-in NEL velocity meters on previous tests, several
major modiflcations were made:

1. The AVC (automatic-volume-control) system usud In previous tests was
eliminated. Its function was to boost the microphone output vollage when the microphone’s

‘2 ‘ ”
= g
- h. -
P X

e & R Y .

Figure 3.1 Sound velocity meter transducers used on Upshot-Knothole.
(These are same as used on Teapot, except for higher elevation and smaller
diameter horn on microphone).

input acoustic signal became weak. Although the AVC performed satisfactorily in the job
for which it was designed, it tended to maintain high voltage levels for long periods when
once triggered by the electromagnetic transient at weapon detonation, which led to
spurious veloclity readings.

2. Carefully designed line-balancing transformers were used to suppress longitu-
dinal currents induced on the lines at detonation.

3. The number of components per channel was drastically reduced. Whereas 20
vacuum tubes per channel were used before, only 5 were used on Teapot. This in-
creased the probability of operating throughout a test without faflure.

4. Design changes enabled NEL to move most of the fragile electronic equipment
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from the blast-line instrument sheltors which were within 2,000 feet of ground zero bacx
to the recording van 7,000 feet from ground zero. This protected the electronics from
hoth the selsmic shock and the intense e'octromagnetic transient at detonation.

5. Band-pass fllters wore usod at the terminations of all the jong transmission
lines to pass the carcier and sido bands. and yot eliminate much of the side-band
vloctrical noise.

6. The actual modulated carrier that crossed the alr gap was recordod on magnetic
tape logethor with a series of reforence spikes. The shifts (n time position of this
carrier roferred to thesv splkos conveyed the (nformation of variations in time delay
across the alr gap.

In provious tests the carrier was demodulated and the resuting 100-cycle signal
was converted (nto a serfes of spikes at the positive-slope zero crosaings. The signal
splkes of one polarity werv recorded on magnetic tape with roference spikes of opposite
polarity. Shifts in time positions of the signal splkes denoted the variations in time
delay across the alr gap. The Teapot system, which recorded the basic sound signal
rather thar 2 spike derived from this signal, {s felt to be superior because better (nsight
{nto the system’s oporation {s afforded.

3.3 PRELIMINARY ELECTRONICS TEST

On 29 March 1955, a test cf the system was made on Shot 8 to determine the vffec-
tiveness of the aforementioned instrumentation changes before using the equipment on
Shot 12. Five complete channels of Instrumentation were set up at Area T-4 In Yucca
Flat at a grcund range of 2,750 feet. In addition, a sixth channel was established which
was complete (n every detall except one; the 4-terminal network of two tranaducers.
coupled by horns to the uir medium, was replaced by an electrical 4-terminal network
which had the same transmission characteristics as the other under amblent conditions.
The results of the six chanuels on this test were: (1) no objectionable transients oc-
curred at detonation on any channels; the transiente that did occur were of short duration,
approximately 0.02 second long: (2) ne significant air-sound-velocity changes occurred;
(3) on the flve regular channels the pressure amplitude of the sound signal through the
alr decreased markedly after detonatlon; in fact, the one meter at 1%-foct elevation
dropped to a level of ",o the amblent sound-pressure amplitude; and (4) the ** dummy-
air-path’’ channel (sixth channel) did not show any variations in signal amplitude

whatsoever.
It was concluded from this experiment that: (1) the removal of the AVC had

eliminated the serlous transient problem; (2) the long grourd range (2,750 fect) and un-
expectedly small weapon magnitude (15 kt) had prevented any noteworthy preshock alr-
sound-velocity Increasc; and (3) there was a phenomenon causing attenuation of the
original signals—-clther occurring in the air path or {n the transducers themselves but
vas definitely not (n the electronics (see Results 3 and 4 above).

3.4 TRANSDUCERS AND THE AIR PATH

The orlentation of the transducers in Shot 12 was along radil from ground zero with
the loudspeaker In all cases polnting away from and the microphone polnting toward
ground zero. Although In retrospect It would appear wiser to have oriented the trans-
ducers across the lines, this was not done {n the Interest of not changing the test con-
ditions from those of Upshot-Knothole and Tumbler. The reason that the Instruments
were so orfented on Tumbler {n the first place was to measure the post-shock material
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velocities in caso the Instruments wore capable of operating in that period, a condition
which unfortunately never existed.

A comparison of on-the-line versus across-the-line orientation was made on Upshot-
Knothole Shots 9 and 10 for transducers at elvvations of 10 feet, and the differences in
thelr preshock performances were Inconsequential. Ono might argue that at the 10-foot
elovation litde velocity difforence should occur anyway for the two cases, since there s
practically no sound-velocity change at this elovation.

However, the insides of the microphones® horns and the fine coppor screens iIn
their throats were directly exposed to the thermal radiation in both Upshot-Knothole
Shot 10 and Teapot Shot 12 and under similar conditions of yleld and relative location.

In Upshot-Knothole Shot 10 those Instruments orlented along the blast line gave the same
rort of records as those orfented across the blast line at the same clevations (see Fig-
ures 3.15 and 3.16, Reforence 2). However, the microphone horns used |4 Upshot -
Knothole were only !4 wavelength (of the carrier) from mouth to throat while those used
on Teapot were 1%; wavelengths long. More will bu sald about this In Sectlon 3.6.

S!nce the Upshot-Knothole records were derived and not basic raw data, as were tho
Teapot records, there 18 no way of telling If there was an amplitude change In the acoustic
signals recelved by the microphones. But even If there was, there was no noteworthy
veloclty shift in the on-the-line meters as compared with the across-the -line meters.

In short, thermal radiation on the horns did not cause any significant sound-velocity
changes to occur on the Upshot-Knothole Shot 10 tests under conditions very simllar to
Teapot Shot 12

The free-alr directivity pattern at 3.2 ke of the loudspeaker and microphone used
in the Teapot Shot 12 sound-velocity measurements I8 shown In Flgure 3.2. This pattern
was made with a loudspeaker and 1's horn at ar elevation of 50 feet above the ground
surface. Because of symmetry the pattern may be rotated about Its axis to establish
the three-dimensional space pattern (ignore minor varlations between the right and left
sides of Figure 3.2). The role of the transducer horn I8 an important one. This I8 the
device which prevents acoustic crosstalk between adjucent channels and minimizes the
effectiveness of sound rays crossing the alr gap by multiple paths. The danger from
this last comes from a signal whi:h crosses the gap at some average velocity over a path
length which Is unknown If a single acoustic ray were to travel between transducers by
a devious route the sound velocity found by C = D/t would be incorrect. for although the
travel time t would be correctly measured, D would not be the stralght line distance
between diaphragms. Two possible ways for such an event to occur are: by reflection
of off-axis acoustic rays from a hard surface such as the ground and by refraction of
these rays from a hot-alr reglon where the sound velocity is higher than it {8 between
the transducers.

Let the appropriate duta of the directivity pattern of Flgure 3.2 be employed in a
simple ray diagram as tn Figure 3.3 which depicts the 1'/,-fool-clovmlon transducer pair
(n more severe condition than for the 3- and 6-foot elevation Instruments); to simplify,
assume that the zone of transmisslon from the loudspeaker 18 a point, and simlilarly,
the zone of reception for the microphone 18 a point; then assume no inverse first power
or Inverse square law of sound transmission; also assume perfect reflection from the
ground. These last two assumptions are conservative (that s, they err In the direction
which hurts the instrument’s cause). From Fligure 3.2, the sound pressures assoclated
with the two rays meeting at the microphone in Filgure 3.3 differ by a factor of 16 In
pressure amplitude. It therefore seems reasonable that bundles of acoustic rays leaving
a finlte-sized loudspeaker horn and arriving at a finite-sized microphone horn (when re-
flected from an Imperfect reflecting surface and spread out by Inverse first power or In-
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verse square law) will produce a pressure of even less than Y that produced by the direct
rays. since the latter do not travel so far and are not absorbed by a reflecting nw dium.
An even more {avorable ratio of signal to nolse will exist at the higher elevation (nstru-
ments at 3 and 6 feot

An argument similar to the refllection case holds for the refruction case

I the maximum change of amplitude of the straight-path-signal due to long-path
signal Interference is one part tn sixteen, the maximum shift in the phase angle of the
carrier i1s 3', degrees (see Appendix B)  This represents an error in the calculated

+

nd velocity of the acoustic signal across the air path of 0.¢6 percent of an air ten

GROuN(

Figure Effect of direcuvity patterns on direct and indirect signals

perature of 70°C.  From this, {t appears that long-path signals may enter the micro-
phone, but thelr contributions to either phase shifts or amplituoe variations of minimum
path signals are extremely small.

Other observers in this fleld have expressed the feeling that the strong signal rays
near the axis of the Joudspeaker might be refracted and travel over path lengths which
are about double the direct path length. Assuming that average velocity over tnese long
paths should be double the ambient figure, the velocity meter would read a travel time
t - 2D/2c  which would be the same as the t measured for direct path signals at am-
blent sound veloelty, {.e.. t = D/c . Certalnly, one would have a difficult time fab-
ricating such a long-path sound rnyoln Figure 3.3. The total length of the ore-bounce
signal ray {n that dlagram (which {s to scale) {8 only 19 perce:t longer than the direct
signal ray. Also. since the velocities meucured by the sound velocity meter on all
channels during Shot 12 stayed steadily at low values and did not even once go to double
the ambient figure, one could hardly suppose that the air In the gap was steadily hot and
that directly below It was steadily cooler. Yet this condition I8 necessary for a con-
tinuous refraction of the strong on-axis signals. Therefore, this refraction explanation
{8 consldered improbable, and this last applies alsc to the higher meters n' 3- and 6-
foot elevations even though longer path lengths might be concocted for these elevations.
The case of the off-axis signals has already been consldered above. Signal rays
certainly can travel over long paths and would be quite important if the strong on-axis
signals were lacking for some reason. It would be hard to Imagine that this would
happen steadily for any perfod of time, however, especlially since on most channels
almost every cycle of the carrier can be seen from shortly after zero time unti] shock
arrival on the Shot 12 veloclty records (see recorded sound signals, Appendix F).
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3.5 ATTENUATION OF THE ACOUSTIC
SIGNAL IN THE AIR GAP

It was aoted In a prelimtnary test of the equipment on Shot 8 that some effect,
probably thermal. was causing the recelved acoustic signal to be attenuated (see Section
3.3). This phenomenon also occurred on Shot 12. Since It did not occur in the one chan-
nel on Shot 8 where the transducers and alr path were replaced by an electrical network,
it was assumed that the variations were not related to the electronics but rather to the
air medium, the loudspeaker, the microphone, and/or the horns.

The expression for the propagation of a plane slnusoida) sound pressure wave In
alr {s:

X
P Po"jw[l ?] bx (3.1)

Where: x the distanco from the sound source in cm.

t the Uimo In weconds.
p the sound pressure existing at distance x in psl.
P, the sound presesurc existing at distance x = 0, when t = 0 (in poi).
c the velocity of sound in em/sec.
() the attenuation constant in nepers/cm.

w = 2z {and {18 the frequency In cycles/scc.
There are two types of sound attenuation In the air: attenuation due to molecular ab-
sorption, 6m' and attenuation due to heat conductivity and viscosity, bc.

6 =6 + 08 (3.2)

These quantities are dependent upon alr temperature, absolute humidity, and the sound
frequency (Reference 9, Pages 64-67).

For the 3,200-cps signal used by Project 1.5 and assuming a 30-percent relztive
humidity at 20°C, an air temperature change from 20°C to 70°C will cause a change In
p. the pressure amplitude, 6 feet from the Joudspeaker of approximately 0.5 percent,
negligible in comparison to the attenuations measured (see Appendix D for measured
attenuations). The attenuation factor 8y, Is found from an extrapolation of Kneser's
noma>gram (Reference 9, Page 65). and 0. 18 found from Sivian's attenuation-versus-
temperature curve (Reference 9, Page 66). See Appendix D for calculations.

Nelther Kneser’s nor Sivion’s data are for temperatures above 5°C. Furthermore,
it 18 possible that large attenuations of acoustic signals do exist at higher air tempera-
tures. This might imply that Project 1.5 measured the attenuation of its acoustic sig-
nals correctly but erred In its velocity computations. However, If the Project 1.5
veloclties should be correct, then the associated air temperatures are so low that
presently known acoustic-attenuation phenomena alone cannot account for the small pres-
sure amplitudes measured. This agaln suggests the phenomenon of destructive inter-
ference of multiple-path signals. For a highly turbulent condition, it has been found In
experiments at NEL that great attenuation can occur even when the signal is following
the minilmum path between transducers. A test was performed In which velocities were
measured over flaming pans of gasoline. In orders to be certain that the acoustic sig-
nals were following the direct path between transducers, an asbestos baffle was placed

28
SECRET



halfway across the gap with a hole iIn it aligned with the transducer horns (see Figure
3.4). It should be clear .hat multiple-path signals in a certain sense always occur,
since more than one ray passes through the baffle hole; but at least very-long-path signals
are climinated in such a setup.

For the test depicted In Figure 3.4, the measured signal amplitudes and calculated
sound velocities aro plotted versus time in Figure 3.5

Clearly, there was little velocity change, and yet there was considerable amplitude
variation. There also was an in’ .rval of 0.05 second where the signal was not only
greatly diminished but also was highly distorted. Velocity measurements in this 0.05-
second period were difficult to make because the identity of a certain phase (the maximum

i

Figure 3.4 Bound velocity meter three feet above flaming gasoline. Asbestos
baffle at midpoint of path.

value of the modulation envelope) could not be determined with an accuracy of better than
two or three cycles of the carrier. However, it should be remarked thet a crude meas-
urement that would give arrival times accurate within 16 percent could have been made
even during 0.03 second of this 0.05-second {nterval. During the other 0.02 second, the
signal was indeed completely unreadable.

Looking at Figures 3.4 and 3.5, one might wonder whether the velocity meter was
functioning psvperly if such a small velocity change was measured since the air medium
between the transducers must have experienced a sizable temperature increase. First
of all, it is not lixely that Figure 3.4 corresponds to any instant of the 0.40-second
recorded interval of Figure 3.5. Futhermore, there were 100 measurements of velocity
made every second. Each of these %j4,-8econd intervals covered 8 inchs on a Brush
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recorder paper tape in the fina! record. The task of choosing the most representative
soction of an original 30-second recording Interval is out of proportion to Its Importance,
when ono realizes that the corresponding paper record is more than ”‘ of a mile in
length. 8o possibly the best sample of velocity record was not chosen for analysis.
However, the question still arises as to why the signal amplitude changed so much when
the sound velocity did not and whether the sound velocity was measured with sufficient
accuracy under such circumstances

In the following paragraphs of this chapter several more controlled experiments
will be described which indicate the reasons why the attenuation occurred and why,
In spite of the attenuation, the velocity meter could measure velocity at such times with
s sufficlent degree of accuracy

Before describing these experimeats and in order to clarify the plcture, the follow-
ing summary of the attenuation phenomenon theory is given, based on the assumption that
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Figure 9.5 Measured sound velocities and signal amplitudes three feet above
flaming gasoline tins. Baffle at path midpoint. (S8ee Figure 3.4).
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the velocity measured |s reasonably correct— substantiztion cf this important tenet will
follow.

1. The attenuation measured is not due primarily to changes in the attenuation
coastant  because at the tomperatures corresponding to the velocities recorded the
change in 8 s In{Initesimal (soe Appendix D).

2. The attenuation is not due to long-path signals interfering with minimum -path
signals at the microphone, because the amplitude at the microphono of any long-path
signais would be too small die to horn directionalities for this o be Important.

3. Attenuation is not due to refraction of the strong on-axis acoustic rays out of
tho straight-line path because this implies hot air In this path withk cooler air sur-
rounding It

4. The attenuation Is partly due to uneven heating of the air medium causing
destructive Interferanco In the direct path signals. The bundic of acoustic rays passing
through the baffle hole in Figure 3.4 In affocted by contiguous zones of hot and cold alr
But the zones of hot air do not need to be very hot, for with distance of 4.6 fect totween
horn mouths a chango In temnperature from 20°C to 44°C would be sufficlent to change
the number of carrler cycles In this distance from 13.1 1o 12.6 (I. ., a change of Y,
wavelength at the microphone). [t Is not difficult to Imagine two acoustic rays crossing
tho alr gap through the bafflc hole, with one passing through alr of an average tempera-
ture of 20°C and the other passing through alr at an average tomperature of 44°C. The
two would completely cancel cach other, and yet the velocity meter, when recording
cither, would have correctly indicated values of only 1.125 or 1,170 ft/sec, respectively

5. The attenuation {s also due partly to the microphones’ homs being exposed W
intense thermal radiation and hence rising to very high temperatures. Sound signal
rays traveling along the hot air layer near the horn would arrive at the horn throat out
of phase with those which had taken the route of the cooler alr path near the axds. This
effect |s most pronounced for frequencies at which the sonic wavelengths are about the
same size as the horn dimensions, or smaller. This 1s discussed further {n Section
3.8 to follow. If the above theory 18 correct, It does not seem surprising that atten.a-
tlon of acoustic signals occurred In the alr medium during the Nevada Teapot tests
when the measured sound velocity changes were averaging only 9-percent increase
above amblient.

3.8 OTHER MEASUREMENTS OF VELOCITY

The question ex!ists as to whather the velocity meter really did measure velocity.
First, there has never been n test where a string of thermocouples has been placed
across the acoustic alr path to verify the velocitles measured In terms of thelr corre-
sponding temperatures. However, there have been Instructive tests made on the In-
strumentation under controlled conditions as fo!lows.

1. When the transducer diaphragms were spaced 3 f{eet apart {nstead of 6 feet, the
travel time of the acoustic signal was cut in half, and the recorded value of velocity was
therefore doubled. Similar results occurred for other spacings as expected.

2. When the sound velocity meter was sltuated In a palnt oven at NEL and the tem-
perature In the oven was raised from 90°F to 130°F and then to 160°F, the velocltles
measured by the meter at the three temperatures were as given in Table 3.1. The oven
temperatures were measured by a thermocouple situated In the back wall of the oven
and projecting on a stud into the air about 8 {inches from the wall. The accuracy of the
thermocouple 18 not known. The oven was heated by electrical coils in the celling and
fans blew the hot alr toward the floor. It Is reported by those who use the oven that for

31
SECRET




a temperature reading of 160°F there Is a differential between celling and floor of 20° ¥
along the back wall. Although the resulta of this test are not as convincing as those ro-
corded for two velocity meters used on Tumbler (Table 4.2, Refervnce 1), this is
attributed partially to the lowoer frequency carrier used on Teapot (3.2 ke instead of

10 kc) which caused annoying reflections from the hard walls of the ovun whoso scaled
length, width, ard helght had now docreased by a factor of three. Unfortunately, an
oven 27 times as big was rot avallable. Furthermore, t should be remembervd that
this same thermocouple appeared to be In error in the Tumbler pre-Nevada tests when
two velocity meters in the oven agreod more closely with each othor than with the
thermocouple (see Reforence 1, Table 4.2). It was found when running this test that one
had to hold the oven temperature at a cortain level for perhaps a minute before the

TABLE 3.1 HESULTS OF TESY OF PRIVECT 18 VELOCITY METER IN PAINT OVEN

Thermocovple Buund Veloctty Sound Velocity Difforvace Relattve Error Atr Tenperature
Temperature Calculated from  Measured by 18 Buund In found Veloctly Caleulated from
Reading Thermocouple Sound Veloctty Velocity ta Assuming Oven VYelocity Measure
Temperature Meter Two Methode The rmocouple ment made by
Correct Velocity Metor

‘r ¢ N/ sec N/ wec fi/sec pocent FcC

" N 1.148 1148 0 90 32

1) 2] i.1%0 1172 is ] 112 49

160 11 1.21s 1.9%0 bR | ’ pall

velocity meter readings stabilized. This was attributed to alr temperature gradlents
which vanished after the tempernture really became atable. The thermacouple used
apparently had great thermal Inertia as would be expected for a paint oven.

3. At the Nevada Test Site, it was notlced that the alr temperature change be-
tween night and morning was recorded by the sound-velocity meters. A change of phase
of l,,’ of the carrier wavelength occurred when the temperature changed from 50°F to
70°F, and this was observed on all channels dally.

4. When the wind blew at Frenchman Flat, the resultant qualitative changes in
sound velocity were recorded by the meters.

5. When a flat board was placed as an obstacle across the air path the recorded
signal level would drop to almost zero. However, when shovelfuls of sand were dropped
through the gap there was no discernible variation in velocity (see Reference 2,

Section 3.1).

3.7 ATTENUATION OF ACQUSTIC SIGNALS CAUSED BY
HEATING VARIOUS PARTS OF THE MICROPHONE

As mentioned In Section 3.4, the sound-velocity meter transducers in Teapot Shot
12, as well as In Tumbler Shots 3 and 4 and Upshot-Knothole Shots 9 and 10?, were
oriented with their axes along the blast line. In every case the microphone unit which was

?Except for cross-the-line channels in the particle velocity meter used on Upshot-
Knothoia Shots 9 and 10.
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1o receive the acoustic signal had its horn pointing taward ground zero. Also, In the
throat of the horn there was a copper screen; behind this screen was another conlcal

born which was a part of the transducer itaelf and which connected 1o an acoustical
labyrinth, eventually terminating in the chamber where a 2-mil-thick, shiny, dural
diaphragm was situated. The aforementioned labyrinth was the acoustical equivalent of
an extension of the transducer horn, and consequently, the cross-section horn area where
the labyrinth joined the diaphragm chamber was extremely small. To the knowledge of
the author. or anyone of the Project personnel (who served In three tests), there never
was an instance where a diaphragm was adversely affected by the thermal radiation; there
were, however, numerous cases whore fine dust was blown onto the diaphragm by the blast
wave. This left a shadow picture of the labvrinth opening on the diaphragm. but no

) 03 ' 034 0.3) 0.32

Figure 3.7 Effect of applying a blowtorch flame to horn of microphone.

shacow picture due to thermal radiation was ever observed. However, the alorementioned
copper screens in the throats of the large conical horns were invariably charred, the
amount depending upon the magnitude of incident thermal radlation.

After Shot 12, tests were conducted at NEL to determine what would happen to the
acoustic signal’'s amplitude while the copper screen in the microphone unit was burniug.
To accomplish this, a 180-volt B-battery supply was short-circuited through the screen
while the velocity meter was operating. Judging by the effect on the screen, this test
wis more severe than {t8 equivaient on an ordinary Nevada test. Also, a transient con-
dition exlsted some two to four times as long as those observed on Teapot Shot 12.
However, at the end of this period (40 msec) the amplitude of the signal v as 66 percent
of ambient and 90 percent of ambient, 10 msec later. After the 40-msec .ransient, there
was no detectable sound-velocity change as measured over a 6-~foot path length (see
Figure 3.6).

Another test was conducted at NEL to determine the effect of heating the horn of the
microphone, in order to simulate the usual Nevada test condition. For this, a blow-
torch flame was applied to the microphone horn while the complete system was operating
(see Figures 3.7 and 3.8).
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Chapter 4
DISCUSSION

The preshock sound velocities measured by Project 1.5 during 8hot 12 did not agree
with preshock sound velocitios calculated from pressure data taken by other agencles
(Reforences 5, 6, and 8) and using current blast-wave thoories. In all cases the
Project 1.5 velocity values were low by the order of a factor of two. Also, these
dirvctly measured sound velocities were almost the same at the 1,000-foot range as at
the 2,000-foot range on both the asphalt and deaort surfaces. In addition, there was
littlo difference between the values recorded over different surfaces (desert, asphalt,
water, fir boughs, and concrete) and small differencos at the various elevations (1'%,
3, and 6 feet).

Yet In 23 out of 24 channcls the velocity-meter instruments seemed to perform
adequately. Subsequent tosts at the Navy Electronics Laboratory (NEL) indicated that
the meters were working as they should be and that they would measure velocity under
laboratory conditions within an accuracy of 6 percent at alr temperatures up to 160°F.

Direct preshock temperature measurements were made on Shot 12 by Project 8.4 ¢
(Reference 12) and over the same surfaces as those where Project 1.5 measured sound
velocities

Temperature I8 related to sound velocity by:

¢ = KTV (4.1)

Where: ¢ = souna velocity ft/sec.
T = absolute temperature
K = a constant for a given medium of constant molecular weight.

It was hoped that an agrecment between the measured ¢ and T values would help
explaln the precursor phenomenon. Unfortunately, the Project 8.4 e data agreed nolther
with the Project 1.5 data nor with the blast data. Several unusual phenomena were note-
worthy (n the 8.4 e data:

1. Over the plots of fir boughs, lvy, concrete, and wood (this last plot was not in-
strumented by Project 1.5) the temperatures appearcd to Increase with elevation up to
10 feet. This certalnly was not expected over concrete and does not agree with sonlc
velocity data or current blast theory.

2. High elevation channels showed temperature Increases before the low elevation
channels did in many cases. This {8 contradicted by the sound-velocity data and current
blast theory also.

3. High preshock maximum temperatures were reached In many cases; this agreed
at least qualitatively with present blast theorles, ajthough It was not supported by the
Project 1.5 data which consistently showed low velocity values on all channels. However,
the Project 8.4 e temperature value’ invarlably dropped after these maxima to very low
magnitudes before shock arrival. This was not recorcilable with any known theory.
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4.1 CALCULATIONS OF PRESHOCK BOUND VELOCITY
FROM PEAK-PRESSURE, SHOCK-VELOCITY,
AND PRECURSOR-ANGLE DATA

There are sovoral molhods currectly used for calculating the preshock sound veloc-
ity at low elevations on & precursor shot from the blast data. The (Irst of these (ex-
plained In Reforence 7, Chapter 6) involves the measurement of the angle of the pre-
cursor wave [ront with the harfzontal and the knowledge of the ambient air sound veloc-
ity above an assumed hoated alr layor. It s calculated from:

= co z
sin @ c=' (4.2)

Whore 9 < the angle between tho precursor wave front and the horizontal.
¢ = velocity of sound in the heated layer.
co “ velocity of sound in the cool alr above t.

This theory does not lake account of a temperature gradient {n the thermal layer. A
more refined treatment which ccnsiders a thermal gradient {s suggested in Chapter ¢
of Reference 8. Here Equation 4.2 {s supplanted by:

Sin 6

-co
¢

Sin ¢

(4.3)

Where ¢ = the acute angle which the wave froat (n the thermal Inyer makes with the
the thermal boundary.

Equation 4.2 18 a special case of Equation 4.3 where the thermal Mach wave 1s at right
angles to the boundary, f.e., 8in¢ = s8in 99° = 1. By experimentally measuring 6 and ¢,
using high-speed photography, and knowing in advance the value of ¢g, the quantity c
can be calculated. For 6< ¢ <90° , c will be less than values calculated using Equation
4.2 but will always exceed c,. The use of Equations 4.2 and 4.3 {8 limited by the ac-
curacy with which ¢ und ¢ can be measured.

A second technique for calculating sound velocity arises from the assumption that
the directi >n of wave propagation {8 hor{zontal very close to the ground, {.e., the wave
front 18 perpendicular to the ground. In this method the preshock sound velocity 18 re-
lated to the blast-wave velocity. Although the pressure wave {8 of a complex type which
does not lend itself well to straightforward mathematical analysis, nevertheless, from
the measured peak pressures which can be calculated within reasonable limits, an
approximate relationship between the blast-wave velocity and acoustic velocity can be
establ{shed.

A third technique for determining preshock sound velecity consists of measuring
the time of arrival of a blast wave at two gages scparated trom each other by a known
distance vertically, e.g.. a few feet (Reference 10, Fage 134). Assuming the angle
this wave front makes with the horizontal {8 ¢, the gage spacing Is h feet), the differ-
ence in arrival times at the two gages I8 At(seconds), and the velocity of propagation
along the ground I8 c¢' (ft/sec), then the preshock velocity c of the wave In ft/sec is:
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\ - 2
c-c¢' sine C'E-(c' AE‘ ZJ v 4.4)

A modification of this method is used in this report.  Project 1.5 oblained shock-
arrival data from Project 1.10 and used these in an application similar to that of Equa-
tion 4.4, The difference was that the pressure gages wese not in vertical arrays; but
this was no particular handicap since thelr relative locations were known.  Arrival
times were known within 0.5 macce
Velocltles, temperatures, and wave-front angles were calculated using these

ats and nre glven In Table 4 1 Assuming that 95 percent of the measurements of time

TANLYL @ HLAST V0 LOCITILS AND CORRESPONIANG ATK TEMPLHATUNLES

L ateulaled Trom uee ol bousllon § SlecMigues  Gage clevaiions sere 0 and ) feet  Doviations of ihe angle ¢
lis the diaperoive rangee ol Ihe sx 1y and Ibe lemperalute T The lerm ¢, shich 1o Oclormined by ar-
1val Limes al lav gages Nas 1o disprroina fised by 4 lithe messuremenl error of ae much as + 0§ moe: ol
cach gage
Ground Yangs Hange 16 WRICh Trur ¢ Hangr In Which True Kange of Temperature
and Sutlace sh o4 pect 0l Hiasl Ware Veloctly ¢ T Cotrvepunding to
Time Should Ixccur 84 pet ol Veloclly Hange
Time
leel rgrees I erc ‘C
1 500 drectl NN 1.988 — ). 106 613 1.418
drecel L] Y 1,834 H bt} 93
2 drectl ') 23 1.218 1.282 [ »0
deoactl ] 9 1N | 00 (L} (1}
| asphall - 13 1 %00 2 5% 184 1.280
2.000 asphalt 11— a) 1,708 — 2,319 403 — 913
2 500 asphall 5% — 82 1.047 — 1 610 147 — )2e

at cither of two pressure gages will fall within 0.5 msec of the true arrival time and
assuming that these mearzured times form a normal disteibution, it can be shown that

the thine difference At will also form a normal distribution where 84 percent of the meas-
urements will be within 0.5 msec of the true At. The following tables assume this 0.5
mscec error in the measurement of At.

Judging from the slow pressure rise of the waves from which these arrival-time
data were taken (Refevence 6), It appears that they are acoustic rather than shock. This
belng so, the quantity, ¢ in Table 4.1 would be an acoustic velocity. Clearly these val-
ues of ¢ far exceed those recorded in a direct measurement of sound velocity levels at
beitween l', feet and 6 feet by Project 1.5, Except for the values at the 2,500-foot and
3.000-foot desert ranges, the temperature values in Table 4.1 encompass the values found
by the first two methods of temperature and velocity calculation described at the begin-
ning of this scction and plotted in Figure 2.28 , Reference 11. In this last plot, Equation
4.2 is presumably used rather than Equation 4.3 for the Naval Ordnance Laboratory
(NOL) data.

If Equation 4.3 had been used, the velocity and temperature values would be re-
duced depending upon how small an angle ¢ was. Although possibly ¢ was not measured
photographically in Shot 12, {t was measured by the Project 1.10 pressure gages within
the limits imposed by arrival-time errors of + 0.5 msec. Using the range of values
of ¢ from Table 4.1 {n Table 4.2, one can calculate the minimum and maximum sound
veloceity values ey and cpyqy by use of Equation 4.3. The gages which determined the
angle ¢ in Table 4.2 were at J- and 3-foot clevations at each location and therefore
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part, f not all, of the wave frontl would be in the heated alr layer by almost any current
theory.

In considering whether the shock-arrival techaique would give the same wave [ront
angle as the measured photographic record, the range of angles calculated from shock
arrivals using the 1+ 0.5-1nsec possible error at each gage ylelosd vajues agreeing very
well with those recorded on f1lm by Project 1 2 (see Table 4.3). Because of this cor-
relation, it I8 expected that the use of the techalque for detormining ¢ at the very low
elevations (0 and 3 feet) Is also valid, although admittedly the shape of the wave (ront
at these altitudes is known with considerably Jess certainty

In Tables 4.1 and 4 2. ranges ol velocities are tabulated which depend upon the
accuracy with which the wave-front angle ¢ can be measured. Table 4.1 also depends

TABLE 4.2 BLAST VELOCITIES

Blast velocittes calculated from uae of Equation § ) eherv # s angle measured by Projevt | 2¢
¢ o angle odtaincd lrom bisat-ware arrival times ol Project | 10 gages is ambient sound
veolocity 1,124 Rt/ eeq

1 g g i
¥ ¢ . | v
z 8 &7 s &7 & v 4 .
3d Ty F J Sole 2 1 1.
H 9 - 94 q Ba s 88lg i 8 LECTE]
3 g Nt dE R SERE R
A4 L
feet drg deg deg N/sec N/aec ft/vec
1,500 desert me 0 494 N 0.848 n P 1,200 1,240 2.160
2.000 deaert Qs 0.6 1 0632 8 0.9%¢ 10271 LA 1.9%0
1.500 asphalt 2 0 448 1Y 0.422 . 0120 1.0671 1124 1.020
2.000 aephalt 3 0.600 4 130 sl 0.948 1311 1 1,084

¢ Except for 2,000 esphall, sce loxt

! Thear values of ¢ o p o7 lrea than emblent. Thia reeults from taking too much of an error
range for ¢ o that ¢ n 0. 1 ¢ 0 n 18 erblicarily aet equal W0 0, one obtaina & more senslbl
€ min 88 In Column

upon the velocity c¢' with which the blast wave is propagated along the ground. Tab!e
1.2 depends upon the measurement of the blast wave angle 9 above the thermal layer

It will be noted in Table 4.2 that there are data given for the 2,000-foot range on the
agphalt line. Moreover, 0 was not measured at this range by Project 1.2. However,
because of the good correlation of the angle 0 measured by Projects 1.2 and 1.10 (sce
Table 4.3) and the fact that 0 from the photographa at 1,500-foot desert, 2,000-foot
desert and 1,500-foot asphalt ranges agreed with the low angle values of @ derived from
the Project 1.10 data, it is felt to be a reasonable assumption to use an angle of 37° for
0 at the 2,000-foot range on the asphalt line (see Takle 4.3). With this value of 0 and the
values of ¢ min and ¢ ax calculated from arrival times at the 0- and 3-foot elevation
Project 1.10 gages, ¢ ;yip and € pmax are calculated and tabulated. Combining the results
listed In Tables 4.1 and 4.2, one obtains a range of probable values for the preshock
sound velocity for ground distances of 1,500 and 2,000 feet on the desert and asphalt
lines (see Table 4.4). The velocity ranges listed in Table 4.4 should therefore be
consistent with the measured blast-wave velocity along the ground and the angles of

the blast-wave front, both within and above the thermal layer.
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The smsll value of ¢ for the 1,000-foot asphalt location lcads to smaller sound veloc-
{tles being indicated at the 1,000-foot asphalt location than would ordinarily be expected.
The small ¢ Indicates a large thermal gradiont st this range.

4.2 PROJECT 1.5 SOUND-VELOCITY DATA

4.2.1 Teapot Instruments. Clearly, the measured sound-velocity data, with the
exception of the 2,000-foot desert location, do not sgree with the figures tabulated in
Table 4.4. Many tests on the sound-velocity meters have been made o see 1 the 23
channels which recorded data could have been malfunctioning (see Chapter 3)— it {s

TABLE 43 WAVE FRONT ANGLE COMPARISOXN

Comparisce of weve lronl angle measured pholegraphically by Project | 2
and wuve [roal angle mesaured by Project | 10' 3- and 10-foot elevaiion
§890. aseuming arrival-lime errore of 0 § meec sach gage

Ground Nange Project 1 2 Aagle Project 1.10
and Surlace Angle Rasge
feet degroes degreve
1.500 desert ne W=
1.000 deeert e 1.3 — .4
1.500 esphalt 1 90—31.0
1.000 aaphalt Not messured 36T — 440

believed that they were not. It is further believed that most of the attenuation of the
acoustic signals which was observed was caused in ¢ relstively small part of the scoustic
path; that is, {n the microphone horn. It is felt that destructive interference occurred

{n these horns, which were apparently long enough to allow phase shifts of as much as

Yy wavelength between different sonic rays traveling by hot and cold paths but only

rarely a shift of one wavelength. If the latter had happened, signals would have been
asugmented {nstead of diminished, and although this did occur in {solsted cases, {t was a
very rare occurrence. Yet hundreds of cycles of the sine waves which left the loud-
speukers crossed the alr path and entered the microphones and were cloarly recorded.
These waves are depicted in Figures F.1 and F.24. These records were obtained by
playing back the original magnetic tapes and photographing the amplifled signal from the
tape as it appcared on a cathode-ray tube. These data will enable anyone iInterested to
roughly determine that no great velocity change occurred on any channel (employ the
technique deacribed {n Table 4.2). A more refined method was used by the analysts at
NEL for this determination. The magnetic tapes, which were run at speeds of 15 in/sec
when recording the original data, were played back at approximately Y,,,this speed,
thereby converting the carrier frequency from 3,200 cps to 32 cps. This signal was then
passed through a dc amplifier and recorded on a Brush oscillographic paper recorder run
at 8 {n/sec. In this way the scale was greatly expanded, notes could be made upon the
record and a very-accurate cycle-by-cycle analysis of phase shifts made.

4.2.2 Data Comparisons with Previous Precursor Shots. There are very few veloc-
ity data avallable from other precursor-shot tests to use for comparison with the 1.5
Teapot data. The best would be the Tumbler Shot 4 velocities at 1'/,-!00( elevation at
ground range of 1,342 feet. Preshock velocities in this case roughly averaged 2,500
ft/sec, not greatly different from the calculated values given in Table 4.4 for the 1,500~
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foot desert locatlon in Teapot 8hot 12. There does not seem to be any reason to question
the valldity of this particular Tumbler Shot ¢ meter’s data. But scrutinidng the Teapot
8hot 12 velocity records and the Tumbler Shot 4 velocity records in gencral, exclusive
of other data and theor{es, one would tend to be more skeptical of the Tumbler Instru-
montation at close-in ranges because of the froquent loss of data points (see Appendixes
C and D, Reference 1). It {s believed today that the attenuation of the acoustic signals
which was measured in Teapot occurred aleso In Tumblor and Upshot-Knothole but
could not be observed because of the recording techniques used In those tests. The
Tumbler and Upshot-Knothole data were derived data. Zero crossings with positive
slope of the modulation {requency sinusold (after demodulation) were made to form sig-
nal spikes which were recorded on magnetic tape along with reference timing spikes.

TABLE 6.4 PHLSHOCK SOUND VELOCITIES

Preshuca sourd wioctites are compatible oith measured values of the
Interval yelocily ¢', (Mo acule angle ¢ Leteren (A save (r0at In the
hormal layer and e wrmal layor Dousdary and the acuie asgle ¢ be-
taven (he ware froal In the alr above the ermal laver bousdary and

the boundary
Ground Range  Preehoch Sound Velocity Range Correspoading
ond Surface Alr Tempertture
feot N/ eec *C

1.500 deoent 1,988 — 2,160 613 — 808
3,000 deoent 1,230 — 1. 3%0 % — 118

1 500 saphalt 1.304 1.430 184 "
2.000 asphalt 1.700 — 1 854 403 — S

Veloctties were calculated from the shifts of the signal spikes with respect to the timing
sptkea (Reference 1). Changes In signal amplitude could cause spurlous shifts in the
signal spikes, could make them vanish, or could even generate extra ones. All of these
phenomena have been observed.

In summary, it must be sald that the people who have been closely assoclated with
the sound velocity meters in Tumbler. Upshot-Knothole, and Teapot consider the
Teapot instruments to be much more reliable than those used in the other two tests.
However, the data taken in Tumbler and Upshot-Knothole are still considered rellable in
those periods where several signal aplkes {n succession indicated similar values of sound
veloclty, but cases of solated high-velocity points after several cycles of no signal
should be treated with great skepticism, whether they agree with current theory or not.

The Teapot velocity data by themselves Imply the following:

1. Since blast-wave arrival times are shortest on the asphalt line, next on the
desert line, and longest on the water line (and these are measurable from the Project
1.5 data), the velocity of propagation in the horfzontal direction on the three lines s
greatest on the asphalt, next on the desert, and least on the water line.

2. Since measured ronic velocities at 1%-foot, 3-foot and 6-foot elevations in-
creased approximately 9 percent above amblent from detonatfon to shock-arrival time
at the 1,000-foot and 2,000-foot ranges, and irrespective of the surface, for Paragraph
1 above to be true, the thermal layer of consequence must have been between the ground
level and some elevation below 1% foot, say 6 Inches or 1 foot, unless the measured
sound veloclitles are not related as assumed to the blast-wave propagation velocitles.

3. If the preshock veloclty of sound in the alr was really some high vaiue such as
those calculated for Table 4.4, then the velocity meter simply does not work— although
1t will In most cases record every sine wave which leaves a loudspeaker, crosses a
6-foot air path, and enters a microphone (see Figures F.1 through F.24).
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4. From the theories on the Instrumentation presented In Chapler 3, there (s a
chance of the veloclty meter’s erring In 118 veloclty measuroement because of tho cool
alr remalning In the transducers. This error |s a function of the omperature of the alr
through which the acoustic signal passes (being 0 percent at amblent). However, [t s
a!so possible 1o err In the other dirvction, If the horns are heated red hot and the air In
front of them becomes hot and thervby causes a more rapid advance of the acouatic sig-
nal. The Project 1.5 data imply that the total preshock-sound-velocity Increase is small
above an elevation of 1% feet. Also the magnitudes are similar at the 1,000-foot and
2,000-foot ranges and even over difforent surfaces. This might mean that the only ve-
loclty Increase of significanco measured was that duv o the hot air near the iranaducer
horns. This leads to the conclusion that the velocity measured by the muters was pos-
sibly too large rather than too small. Some small measure of credibility Is lent to this
supposition when one looks agaln at Figure 2.1 and cbserves that the water-line moter
channels, where the reflectance of the surface was highest, moasured a somewhat
higher sound velocity than did the asphalt and desert channels. Certainly no one would
predict a higher air temperature over the water surface
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Chopter 5
CONCLUSIONS AND RECOMMENDATIONS

The sound velocity meter appears to be capable of recording thousands of cycles of
acoustic aignals at ground ranges of 1,000 and 2,000 fect from detonation to shock ar
rival for the test conditions of Shot 12 tsee Appendix F). Theso acoustic waves did not
enter the microphones as soon (except for the water surface) as current blast-wave theory
predicted that they should. No satisfactory explanation seems to be available as o where
these acoustic signals could have spent their ime

It can only be concluded that if current precursor blast theory I8 correct, some
inknown phenomenon s causing unreasonable velocity magnitudes 1o be deduced from
therwise reasonableo-appearing data. If, however, the data are correct, some mod|
fications in the present theory concerning the preshock medium status will need to be
made

If the precursor phenomenon Is to be Investigated further, It is recommended that
additional effort be expended to obtain the contour of the blast-wave front near the
ground surface, e.g., below 10 feet. Few reliable data are presently available In this
regton 1t is to be hoped that these data would do much to explaia the differences in high
alr temperatures and sonlc velocities deduced {rom current blast-wave theory and the
lower values recorded by instruments which measured these phenomena directly
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Appendix A
INSTRUMENTATION

Al BACKGROUND

The Naval Electronics Laburatury’ s measuromenl of sound-velocily changes agaia relicd on a systom
in which sound transit time betacen tno {Ixed transducers |a an air modium was cheerved (itoference 1)

A 3,200-cpa carrior, amplitude modulated approstmately 90 porcont with 8 100-cps sinusotd, was
transmttiod acrusy the transducer alr gap. Measurvinents proved that signal crusstalk botweon balanced
signal paires was negligible in a multi-conductor cable of cunsidorable length  lleace, it was decided to
sond tho signal information {romn the instrumoent van to the field, through tho air gap, and back to the in-
strumeat van whore It was recorded directly on magnetic lape alorg with its timing-spike reforence

Basically, the records so obtained were analyzod by transcribing them oato some rvadablo medium
such as papor lape or photographic film  The poak of the mudulation envelope gave a roforence point
from which to measure to tho reforonce spike.  Tho laiter was added to the signal Information upon its
return to tho Instrumont van  As tho signal dolay thruugh tho complote clectrunic systom {rom generation
to recording was constant, changes in air-path tranait time were ovidoncod by changes ia imeo difforonces
between the reforence spiko and modulation peak.  Such timoe difforences wore convertible to sound veloc-
ity. given prodetonation alr temporature

Most sound-veloeity records obtained in Novada shoaod approeciable signal attenuation and some dis-
tortion, hence, the Teaput system of instrumentation ~as An impruvement over proviouas NEL versions
which relied on additional spike genoration from the domodulated air-path signal.  Obvioua troubloa would
ariso if the modulation envelupe wore nut well presvrved.

A.2 BASIC INSTHUMENTATION

A 21 Master Gonerator. The master genorator, the heoart of the sound-velocily systom. consisted
of three unita (sco Figure A1) Itutilized a very stable oscillator of proven design to genorate & carrler
frequency of 3200 cps. This oscillator in lurn drove a aynchronized {requency step-down osclliator which
generated the 100-cps modulation frequency. The 100-cps aignal so derived was fed to « balanced modula-
tor which i1n turn pruvided tho 100-cps modulated carrier drive for the bridging amplifiers that furnished
the signal for the ficld units. The 100-cps oascillator also provided drive for the reference spike gonerator.
Tho spike gencralor ran in synchronism with the 3,200~ and 100-cps generators and provided an output
variable In phase over 360 degrees of the 100-cycle modulation envelope, and sufficiently shary to provide
rranfution, if nccessary within a fraction of a cycle of the carriler.

The above three described units were monitored by a safoty unit which would switch in immediately an
identical master gonerator should any of the output signals fall beluw 8 minimum operating level.

The bridging amplifiers provided a balanced signal output to the finld unita via the field cables. A
considerable amount of work was done in attempting to eliminate the zoro time electromagnetic transient
induced in the equipment via ficld cabling. The use of twisted and electrically balanced signal pairs and
careful selection of electrically balanced transformers that worked into and out of the field line enabled a
reduction of the induced iransient to 4 negligiblc amount. Also the time duration of this transient was less
than 10 msec in all channels of the systom, thus no signal information was obscured (sce Figure A.2).
However, 8 vory good zero marker was so obtained. The number of bridging amplifiers used (one for
every three field channels) was greater than power requiremonts would demand for driving the field ampli-
flers, 8o that a fajlure would not effect the loss of too many channels of information.

A.2.2 Transducer Powor Amplifiers. One driver unit provided vultage step-up and bandpass filter-
ing and drove three power amplifiers from the low linpedance line. The power amplifiers in turn drove
the transducers sufficiontly hard to give a good signal-to-ncise ratio, thercby overriding acoustical noise
signals arising from any apparatus in the vicinity.

The direction of acoustic signal transmisston was selected to give mintmum crosstalk between trans-
ducers for the three elovations at the same surface location. Both theory and equipment tests showed
crosstalk effects were quite negligible

A.2.3  Mike-to-Linc Amplificr. The recelving transducer drove a mike-to-line amplifier. This lat-
ter unit made up for air-path signal attenuation in order to send the signal back to the instrument van with
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ample signal-to-noise rstio. The mike~to~line amplificr and all subsequent equipment were sufficiently

broadbanded to allow for frequency
changuvs

change of the alr-path signal during any possible rapid air-temperature

In the Line-to- Fape Unit, tho last link in the chain of instrumentation, the reference spike was added
to the incoming signal; the resultant composite signal was applied to the magnetic tape.

A.3 DISCUSSION

Direct calibration of the system is difficult to achieve. However, a good rpproach 1o the measure~
mont of air lomporsture was schieved in the laborstory's paint-drying oven which was sufficiently large w

MASTER GENERATOR
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Figure A.1 Electronics for one typical field station, three channels

house the transducer pairs. Fair correlation between air temperature and signal phase shift was obtained
though certain difficulties were experienced. The oven was limited to a temperature of approximately 300
degrees Fahrenheit from which a phase shift of about four carrier cycles could be expected. The degree
of resolution wae troubled somewhat by signal reflections off the oven walls and by convection currents

within the fairly large enclosure.

Thus it was difficult to read the data with a note of finality to within a

fraction of a carrier cycle when the above effects produced variations of phase shift which could be ob-

served at any given temperature.

However, in general, phase shift correlated with the corresponding

temperature throughout the temperature ranges investigated.
Suspicion of coupling between the transducers through the supporting cross-arm was ruled out by

other tests at NEL.

As certain proof that the signal was being acted upon only in the transducer air path, in one channel
a dummy air gap was substituted for the actual air path in one of the preliminary Nevada shots. The re-
mainder of the electronics in the dummy channel was identical to that of the air-path channels; the dummy
attenuating pad was equivalent to the air-path loss. Results showed no change in data before, during, or
after shot time for the dummy channel, whereas the air-path channels exhibited signal phase shifts indica-

tive of air-temperature and sound-

velocity {ncreases.
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A lator refinement (n data analysis removed the necossity of locating the modulation peak which was
sometimes difficult to do (n view of tho signal attenuations and distortions often present. Instead, & refer-
ence point was chosen tn the pro-thormal record from which It was possible to count through the continuous
record (cycle by cycle) through thermal conditions, using the subsequent reforence points found every 32

DO > o

-1 0 f . 2 +3

Figure A.2 Recorded acoustic signal ehowing effects of electromagnetic
transient at dotonation. Note delayed transient due to distorted loudepeaker
signal received by microphone after time delay in air path

cycles to make measurements to the reforence splke. However, both methods gave substantially com-

parshie rosults.
It {8 belleved the aystom Is capable of measuring sound-velootty changes tn sir (or whatover the me-

dium may be). It functioned in all channels but coe up to shock arrival

The records can be analyzed in a straightforward manner (except over the two surfaces of ivy and fir
whore turbulence made some data unreadable). It |s belioved the system measured, with an accuracy of
at loast 8 porcent, sound-velocity changes near the ground in the vicinity of s nuclear detonation
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Appendix B
PHASE AND AMPLITUDE CHANGES DUE TO
INTERFERENCE OF SOUND WAVES

Whon tw oidal waves arv added, tho rosulling wave is thor periodio funet) it the original
two wave Juor t diffe © an angle tho sum of the two » w anotho
with L 3 jue with a as ( tho tw tony:
t
\ t
i 1 t
1
t I
{
A
1]
T
i
I
\ ¢+ B
I | Vi
1
AD cos n?
¢ AB B!
rfor
AB ¢ B
And, for 6 to be a ximun
B
1 A and sin (A? B V1
max A
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Appendix C
OPERATIONS

Bad weathor caused considorshle hardship and delay during the entire Teapot operwtion. Extremely low
tomperstures, bigh winds, scow and rain damaged the equipment, caused sicknoss of the persannel and
genorally burt morale

Under such circumstances. any equipmeont which facilitatos field operations (s always welcome. To
house fragilo electroaic equipment oa the blast line at ranges as close as 1,000 feet, the Operations Dtvi-
sion at NEL developed a stee) (astrument sholter (see Figures C.1 through C.3). Navy dock poatoons were
modified for this purpose. A watertight hatch was welded to the tp of the poatoon, and mounting brackets
for holding eloctronic chassis svre welded (. (he Inside ribe. Watertight packing glands for admitting

Figure C.1 Model of NEL instrument shelter with dimensions of full-size
shelter depioted

cabies were welded to the sides of the shelter, and ladder rungs were tack-welded inside.

When personnel worked inside the shelters, a transparent door made of lucite replaced the steel hatch
cover which was swung back out of the way. The units were painted with aluminum paint {nside and out;
the visibility inside during the day and without artificial {llumination was quite suitable even when a dust
storm was raging outside.

The shelters did not leak when other types of shelters were flooded during a rain storm, and s mini-
mum of dust seeped into the equipment.

The units were light enough in weight to enable transportation by truck from the home laboratory in
8an Diego. Consequently, electronic equipment was fitted Into the shelters in advance, eliminating the
noed for costly changes in the field.

Many used pontoons are now avaiiable at Navy bases and can be outfitted for little more than the cost
of cleaning, welding, and painting. This alteration work was done at NEL for approximately $300 per unit.

Complete specifications and drawings for these shelters can be obtained by writing:

Commanding Officer and Director
U. 8. Navy Electronics Laboratory

San Diego 52, California
Attn: Mr.J. N. Shellabarger
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Figure C.2 Model of NEL instrument shelter

Figure C.3 Details of NEL instrument shelter model
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Appendix D
CALCULATIONS OF ATTENUATION
OF SOUND IN AIR

Thore arc twu propertics of the medlum which iac alleauation of a sound wave ta alr Tho {irst of
theso aticouations is sod Incontl hoa e t n the gas, the othe rought about by
lccwar abhsorption amd dlapers in pulyatomic gases involving xchange 1 \al ar

rational Kics beiwe Ung
vian (Rele c 9, Page 67) gt AN CA . f w 1 Ww M
vis 1
A A (
14 | ! (
vh igth foe
\ < cre) r xra as g
e o 9, Page
4 1 cral t
. 125 1t /ne 147 f
» =
f1. sc
Wh 1 it n al
clocity of nd in alr at
{ fre { gnal
A m Si
v
A 61 10 !
Th
16 i |
f 4 1
)
165 - 61 10 *
1 | 0 s ft
! ( RO)?
letermine a value the attenuation caused by absorption anc persion due molecular col

sion, one uses Kneser's nomogram (Reference 9, Page 65) which glves the decrement as n function of
temperature, humlidity, and [requency.  Again taking the two temperatures, 20°C and 70°C, and a re
tive humidity of 30 percent at 20°C, the nomogram glves

[} 0.911 1 nepees/ft
hm” 1.973 < 1 nepers/ft

The total decrement & then s
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Appendix E

ATTENUATION OF ACOUSTIC SIGNALS
MEASURED IN SHOT 12
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Appendix F
RECORDINGS OF RAW DATA MADE BY

PROJECT 1.5 SOUND VELOCITY METERS
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Figure F.2 Channel 11, desert, 1000-foot ground range, 3-foot elevation.
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Figure F.19 Channel 17; white fir boughs, 2000-foot ground range, 3-foot elevation.
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Figure F.20 Channel 18; white fir boughs, 2000-foot ground range, 8-foot elevation.
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Figure F.21 Channel 13; brouu leaf cover (lvy), 2000-foot ground range,
1%-foot elevation.
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Figure F.23 Channel 15, broad Jeaf cover (lvy), 2000-foot ground range
6-foot elevation.
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